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(57) ABSTRACT 

Systems and circuits are described for transmitting data over 
physical channels to provide a fault tolerant, high speed, low 
latency interface Such as between a memory controller and 
memory devices. Communications signals are communi 
cated over interconnection groups comprised of multiple 
wires, with the described encoding and decoding permitting 
continued communication in the presence of a wire failure 
within an interconnection group. An efficient distributable 
Voltage regulator to provide communications driverpower is 
also disclosed. 
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FAULT TOLERANT CHIP-TO-CHIP 
COMMUNICATION WITH ADVANCED 

VOLTAGE REGULATOR 
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naling Codes' (hereinafter called “Holden II'). 

BACKGROUND 

0008. In communication systems, information may be 
transmitted from one physical location to another. Further 
more, it is typically desirable that the transport of this infor 
mation is reliable, is fast and consumes a minimal amount of 
SOUCS. 

0009 Vector signaling is a method of signaling. With vec 
tor signaling, pluralities of signals on a plurality of wires are 
considered collectively although each of the plurality of sig 
nals may be independent. Each of the collective signals is 
referred to as a component and the number of plurality of 
wires is referred to as the “dimension' of the vector. In some 
embodiments, the signal on one wire is entirely dependent on 
the signal on another wire, as is the case with differential 
signaling pairs, so in Some cases the dimension of the vector 
may refer to the number of degrees of freedom of signals on 
the plurality of wires instead of the number of wires in the 
plurality of wires. 
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0010 With binary vector signaling, each component takes 
on a coordinate value (or “coordinate', for short) that is one of 
two possible values. As an example, eight single ended sig 
naling wires may be considered collectively, with each com 
ponent/wire taking on one of two values each signal period. A 
“code word of this binary vector signaling is one of the 
possible states of that collective set of components/wires. A 
“vector signaling code' or “vector signaling vector set is the 
collection of valid possible code words for a given vector 
signaling encoding scheme. A “binary vector signaling code 
refers to a mapping and/or set of rules to map information bits 
to binary vectors. 
0011. With non-binary vector signaling, each component 
has a coordinate value that is a selection from a set of more 
than two possible values. A “non-binary vector signaling 
code” refers to a mapping and/or set of rules to map informa 
tion bits to non-binary vectors. 
0012 Examples of vector signaling methods are described 
in Cronie I, Cronie II, Cronie III, and Cronie IV. 
0013 Signaling using a plurality of wires that change state 
simultaneously may be associated with undesirable second 
ary effects within the output circuit, due to the physical need 
to change the output level on multiple wire loads. The result 
ing anomalous noise, caused by this current draw from power 
Sources and/or current drain into ground lines and/or power 
returns, is known as Simultaneous Switched Output noise or 
SSO. 

BRIEF SUMMARY 

0014. In accordance with at least one embodiment, pro 
cesses and apparatuses provide for transmitting data over 
physical channels comprising groups of wires to provide a 
high speed, low latency communications interface, even in 
the presence of a wire failure within a channel group. In the 
general case, N bits are transmitted over M wires in such a 
way that failure of any K-of-M wires does not lead to a 
reduction of throughput or data error. 
In at least one embodiment, an external mechanism is used to 
identify wire failures and so notify the communications sys 
tem. 

0015. One example embodiment describes a channel 
interface between a memory controller and one or more 
memory devices, which delivers at least the same throughput 
as a single-ended solution with significantly less SSO and 
reduced power utilization, without requiring additional pin 
count or significantly increased transfer latency. Controller 
side and memory-side embodiments of Such channel inter 
faces are disclosed. In some embodiments, different Voltage, 
current, etc. levels are used for signaling and more than two 
levels may be used, such as a vector signaling code wherein 
each wire signal may take on any of three, four, or more 
values. 

0016. This Brief Summary is provided to introduce a 
selection of embodiments in a simplified form that are further 
described below in the Detailed Description. This Brief Sum 
mary is not intended to identify key or essential features of the 
claimed Subject matter, nor is it intended to be used as an aid 
in determining the scope of the claimed subject matter. Other 
objects and/or advantages will be apparent to one of ordinary 
skill in the art upon review of the Detailed Description and the 
included drawings. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

0017 Various embodiments in accordance with the 
present disclosure will be described with reference to the 
drawings. Same numbers are used throughout the disclosure 
and figures to reference like components and features. 
0018 FIG. 1A illustrates a system embodiment for a com 
munications interface using fault-tolerant vector signaling 
codes. 
0019 FIG.1B illustrates a specific embodiment using four 
wires to communicate four bits of data with tolerance of one 
wire failure. 
0020 FIG. 2A shows a circuit diagram of one embodiment 
of a ternary output driver, and as FIG. FIG. 2B shows a circuit 
diagram including a regulator Supplying the regulated Voltage 
it uses for its third output level. 
0021 FIG. 3 is a block diagram of a communications 
system using the TL3 transition code. 
0022 FIG. 4A illustrates one embodiment of a data-driven 
intermediate Voltage regulator and example of data logic. 
0023 FIG. 4B illustrates an example of a charge pump 
controlled by data logic. 
0024 FIG.5 is a circuit diagram of an embodiment adding 
fault tolerance to a TL3 coded system. 
0025 FIG. 6 illustrates a prior art assembly of stacked 
integrated circuit devices interconnected by Through-Sili 
con-Via (TSV) connections. 

DETAILED DESCRIPTION 

0026 Specialized memory subsystems of modern com 
puter systems utilize dedicated memory controllers to man 
age access, optimize performance, and improve utilization 
and reliability. Interconnections between these memory con 
trollers and memory devices must operate at high speeds, 
delivering reliable and low latency data transfers, while under 
significant constraints in terms of available pin count and 
power utilization. 
0027. One known technology to combine multiple dies 
into a single package is the use of through-silicon Vias 
(“TSV). FIG. 6 shows an example of a package 610 on which 
a processor die 620 is mounted. Memory dies 630, 632 are 
mounted on top of the processor die 620. The conductive 
connection between processor die 620 and memory dies 630, 
632 is made with TSV 640. Memory die 630 is connected to 
memory dies 632 by TSVs 642 (and also by TSV 640 in some 
cases). One advantage of through-silicon Vias is that the path 
between processor die 420 and the memory dies is substan 
tially shortened. 
0028. The use of through-silicon vias is known to have 
several disadvantages. First, the cost of the process to make 
through-silicon Vias is very high, and the complexity of the 
process is such that it is very difficult to obtain high produc 
tion yields. Second, there is low tolerance to misalignments of 
the individual dies. Third, such a direct non-flexible mechani 
cal connection between dies will undergo shear stress when 
the two dies undergo differential thermal expansion, possibly 
to the point of destruction. 
0029. These factors may result in higher than desirable 
system failure rates, as one or more TSV connections fail to 
provide a signal path between system components. Thus, 
communications Solutions that provide even modest immu 
nity to communications path failures may provide signifi 
cantly reduced system failure rates. 
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0030. In accordance with at least one embodiment of the 
invention, several classes of codes are presented, their prop 
erties investigated, and example embodiments of encoders 
and decoders described. 
0031. Various embodiments described herein exhibit one 
or more of the following characteristics: 

0032. Implementable in both high-speed logic and 
memory device processes 

0033 Consume very low power for the encoder, driver, 
receiver, and decoder 

0034 Reduce (or entirely eliminate) SSO when com 
pared to single ended signaling 

0035. The Fault-Tolerant solutions described also exhibit 
the characteristic of allowing operation in the presence of a 
failed interconnection wire. 
0036. The described solutions utilize prior knowledge of 
failed communication path elements, such as a wire failure 
detected as part of an initial test procedure and Subsequently 
treated as failed by the communications system. This 
approach is distinct in design and operation from that of 
known Error-Correcting Codes (ECC) that incorporate parity 
or other data redundancy to allow corrupted communication 
data to be recovered. It is well known by those familiar with 
the art that the error-recovery decoding of ECC is both com 
plex and lengthy, and thus poorly Suited to the primary signal 
path for high speed data transmitted over circuits with known 
and persistent partial failures. 
0037. A number of codes are described for which the 
encoder and decoder have very small footprint. In applica 
tions of primary interest to this document, the communication 
channel between the sender and the receiver has very low 
insertion loss, and therefore hardly experiences noise caused 
by ISI, insertion loss, reference noise, or thermal noise. On 
the other hand, SSO causes a large amount of noise because of 
the relatively large size of the bus. Embodiments described 
herein may therefore trade off immunity to common mode 
and reference noise in some of examples to further reduce the 
size and hence the power consumption of the encoding and 
decoding circuitry used by the system. 
0038 General Assumptions 
0039 For purposes of comparison and without limitation, 
a reference interface design is assumed to use single-ended 
CMOS drivers to drive extremely short non-terminated 
bussed or point-to-point interconnections. Inter-symbol inter 
ference and transmission line loss are considered to be small 
or negligible for the example use, and reference noise and 
thermal noise are considered to be tractable. 
0040 Similarly, for purposes of description and without 
limitation, examples describing a particular physical inter 
face width will assume data transfer occurs over fixed size 
groups of signal wires, TSV connections, bond wires, or pins, 
which may be subsets of the overall interconnection, although 
the described solutions may be equally well applied to both 
narrower and wider interfaces. The various examples pre 
sented herein utilize group or ensemble encoding, also known 
as a vector signaling code as illustrated generically in FIG. 
1A, encoding N bits of information which is then transmitted 
over M wires in such a way that failure of any K-of-M wires 
does not lead to a reduction of throughput or data error. 
0041 As one example provided for illustration and with 
out limitation, FIG. 1B shows four bits of Data(0-3) being 
encoded into four vector signaling code symbols which are 
transmitted over a four wire interconnection, here shown as 
having one failed wire. The received symbols are detected and 



US 2015/0092532 A1 

successfully decoded into four bits of received Data(0-3). At 
least one embodiment utilizes an external mechanism, illus 
trated as “tX control and “rx control', to identify wire fail 
ures which are adaptively corrected by the communications 
system, here shown as being performed by the elements “tx 
mux” and “rx mux. Other embodiments may combine the 
illustrated elements, as examples combining encoder and tX 
muX into a redundant code encoder, and rX mux and decoder 
into a fault-tolerant receiver and decoder, as will be under 
stood by one familiar with the art. 
0.042 Each described embodiment offers different 
degrees of fault immunity, SSO reduction and/or power con 
Sumption. In accordance with at least one embodiment, sig 
naling using three or more distinct signal levels may be used. 
As one example, an output driver for a three level or ternary 
signaling method is shown in the circuit diagram of FIG. 2A. 
Based on these examples, a knowledgeable practitioner may 
extend the described embodiments to embodiments convey 
ing more than 3 signal levels per wire. 
0043 Ternary Levels 
0044. In accordance with at least one embodiment, three 
distinct output levels may be transmitted on every transmis 
sion wire, in a “ternary coding scheme. The coordinate lev 
els of the ternary code correspond to voltage levels on the 
wires, which in turn depend on the Vdd of the system and the 
Swing of the signals. To permit a Voltage-independent 
description allowing fair comparison to single-ended signal 
ing, the descriptions assume that: 
0045. For full-swing Single-Ended (SE) binary signaling, 
the voltage level multipliers are 0 and 1 (i.e., the voltage levels 
correspond to 0*Vdd (which is typically equal to Vss) and 
1*Vdd) 
0046 For Full-Swing ternary coding, the voltage level 
multipliers are 0, /2, and 1, corresponding to signal levels of 
Vss, /2 Vdd, and Vdd. 
0047 For each described coding scheme, we will compare 
the performance against that of single-ended signaling. Both 
SSO and power consumption will be described by a single 
number. For the power consumption, this number has to be 
compared against 4, which is the average per wire power 
consumption of single-ended signaling. For the worst case 
SSO, our numbers are to be compared against 1, which is the 
worst case SSO of single-ended signaling. 
0048. The multipliers used as examples are taken for pur 
poses of descriptive clarity. Some embodiments of the inven 
tion may rely on other multiplier factors of Vdd or equivalent 
absolute signal levels satisfying the same signal identification 
purpose. As examples, one embodiment of reduced Swing 
(RS) ternary signaling may use coordinates of/4Vdd, /2 Vdd, 
34Vdd, and another embodiment may use coordinates of OV. 
300 mV, and 600 mV, each representing three distinct coor 
dinate values spanning a range less than that of a full-swing 
CMOS binary signal. 
0049 Similarly, embodiments utilizing quaternary or 
higher-ordered signaling may define four (or more) levels 
extending across the entire Vdd to Vss span to create a full 
Swing signaling scheme, or may define Such levels contained 
within a smaller overall span, creating a reduced-Swing sig 
naling scheme. 
0050 
0051. For simplicity in the description of coding algo 
rithms later in the disclosure, the two binary states are desig 
nated 0 & 1 and the three ternary states as 0, 1 & 2. These 

Line States 

Apr. 2, 2015 

descriptive identifiers for the states are independent of the 
voltage level multipliers described above that are used to 
transmit them. 
0052 Driver Power Consumption 
0053. In the case of a non-terminated CMOS driver, the 
main power drawn from the Vdd or positive supply rail is 
consumed in changing the Voltage on the primarily capacitive 
load of the outputline when the driver makes a transition from 
a lower State to a higher state. For a given load, the amount of 
consumed power is proportional to the magnitude of the 
transition. Stated differently, when transitioning from a state 
(x1,..., xk) to a following state (y1,...,yk) the driverpower 
on k wires is proportional to the Sum max(x1-y 1, 0)+ . . . 
+max(xk-yk,0). This is independent of the particular refer 
ence chosen since the reference is canceled by taking differ 
ences. The power consumed by single-ended signals on k 
wires is between 0 and k, and the average power is k/4 since 
on a single wire a power consumption of 1 occurs only when 
transitioning from a 0 to a 1. 
0054. A similar calculation may be made to assess the 
power dissipated (or alternatively, the current injected into the 
Vss or ground rail) in changing the Voltage on the primarily 
capacitive load of the output line when the driver makes a 
transition from a higher state to a lower state. In some 
embodiments, this flow of Vss or ground current may be as 
significant a design factor as the current drawn from the Vdd 
or Supply rail. 
0055. Additional Driver Considerations 
0056. A conventional embodiment of a binary output 
driver is based on a CMOS inverter structure, where a totem 
pole pair of transistors is used to source current from the Vdd 
or positive Supply rail to the output pin, or conversely sink 
current from the output pin to the Vss or ground rail. Use of 
dedicated output driver power rails is known, either for pur 
poses of noise isolation, or to allow the I/O to operate at 
different or distinct Voltage levels compared to the main logic 
and/or memory systems. Cascaded chains of inverters are 
commonly used, with the transistors at each stage being 
scaled up in size and current capability from the extremely 
low node capacitance and current demands of an internal 
circuit node, to the relatively massive capacitance and pro 
portionately large current demands of the actual output pin 
and external load. 
0057. In accordance with at least one embodiment, output 
drivers for ternary or higher-ordered output levels add addi 
tional intermediate voltage elements to the binary driver's 
Source and sink transistor. As shown in FIG. 2A, such inter 
mediary-level outputs may be based on a CMOS transmission 
gate structure 203 connecting an intermediate Voltage rail 
Vreg to the Output pin. 
0058 Regulated Mid-Rail Voltage 
0059. At least one embodiment generates the required 
intermediate output Voltage for the ternary drivers on-chip. A 
conventional linear regulator design Such as shown as 220 in 
FIG. 2B may supply multiple drivers 210. Resistors 230 and 
240 are used to set a reference voltage level that is buffered by 
analog amplifier 250 and bypass capacitor 260 to provide 
reference voltage Vref. 
0060. As is well understood by one familiar with the art, 
the analog amplifier 250 of FIG.2B represents a considerable 
Source of power consumption in a practical design. An ampli 
fier designincorporating a purely Class A output stage will be 
fast and simple, but most inefficient. A similar design with a 
class AB output stage will draw less quiescent current, but 
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will also have a slower response time. Two-stage designs 
combining Class A and Class AB output stages will be more 
efficient, but also more complex. 
0061. In some embodiments, a single source of regulated 
Voltage may be shared by multiple chips. One such example 
is a stacked memory configuration with a voltage regulator on 
a controller chip also supplying regulated voltage to one or 
more memory chips. Further embodiments may incorporate 
additional bypass capacitance and/or additional regulator ele 
ments within such secondary chips, to augment or assist the 
Voltage regulation provided by the primary or controller chip. 
0062) Adaptive Power Regulator 
0063. As previously described, the load a CMOS driver 
imposes on its power source is the result of charge and dis 
charge of the essentially capacitive wire load being driven to 
the desired output level. Thus, a power regulator that is aware 
of the transmitted data pattern may anticipate power demand 
by changing its sink and source characteristics dependent on 
the data to be output. 
0064 FIG. 3A shows one embodiment of the logic 
required to drive a single output wire with ternary data. Inputs 
(a,b) represent an encoding of the three necessary levels as 
two binary bits, which are then decoded by simple logic into 
separate signals "one", "half, and "zero', and their compli 
ments. (These signals may be seen controlling the ternary 
output driver 210 of FIG. 2A.) Additional logic identifies 
transitions from a previous one or zero output state to the half 
state (that is, from ternary state '0' or 2 to ternary state 1.) 
producing the additional signals “godownhalf, “gouphalf 
and their compliments. These additional signals control the 
charge pump of FIG. 3B, causing increments of charge to be 
transferred between the Vreg line and one of capacitors Cup 
and Cdown. Thus, a relatively modest baseline capacity of 
analog regulator 220 to sink or source current may be aug 
mented by the data-dependent or adaptive power regulator. 
0065. Further embodiments may include the control logic 
of FIG. 3A and the charge pump of FIG.3B with each ternary 
output driver, thus scaling the augmentation proportionately 
with the demand. Embodiments sharing the regulated voltage 
across multiple chips may include such local augmentation 
on each ternary output driver of each chip, while sharing a 
baseline regulator across all devices. Other embodiments 
may utilize different ratios of control logic and charge pumps, 
Such as one larger charge pump controlled by logic monitor 
ing multiple output drivers. 
0066 Still other embodiments may incorporate direct 
measurement of the intermediate voltage to provide addi 
tional control signals for the charge pump to raise or lower the 
intermediate Voltage. One embodiment incorporates multiple 
pump capacitors, allowing different increments of charge 
transfer to be performed as required. Further embodiments 
may use such measurements to adjust the pump capacitance, 
duty cycle, or operational rate to optimize operation based on 
the actual load presented to the regulated voltage line. 
0067. It will be apparent to one familiar with the art that 
equivalent means may be applied to provide a source or sink 
of current instead of the example charge pump, as one 
example using controlled current sources and current sinks. 
As with the charge pump example, the set level for the con 
trolled current sources and current sinks may be adjusted 
based on measurement of the intermediate voltage, using as 
examples one or more comparators, an analog to digital con 
Verter, etc. 
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0068. SSO Noise 
0069. The main SSO is caused by transitions between 
states. The SSO noise value may be normalized to a single 
number in the following sense: for the SSO on k wires, the 
SSO caused by the transition from a state (x1,..., xk) on the 
wires to a state (y1,...,yk) is set to be equal to (x1-yl)--. 
..+(xk-yk) which in turn is equal to the absolute value of the 
Sum of the coordinates of X minus the sum of the coordinates 
ofy. Because a common reference is canceled through taking 
the difference, the SSO is independent of the reference. 
I0070 For a single-ended binary system the SSO produced 
on 1 wire is either 0 or 1. When taking k wires, the worst case 
SSO is k, and it can be any number between 0 and k. Simple 
coding can reduce this number considerably, and even com 
pletely reducing it to Zero in certain cases. 
(0071. For single-ended binary signaling on k wires, the 
power consumption of every transition has a binomial distri 
bution on 0, ..., k where the probability of a single event is 
/4, and its average is k/4. The SSO of this signaling is also 
binomially distributed and the worst case SSO is k. 
I0072 TL3 Transition-Limiting Coding 
0073. Because it is the transitions that are important in an 
un-terminated CMOS driver, it makes sense to encode the 
information in the transitions. If the system uses binary states 
on the wires then it is not possible to reduce SSO and at the 
same time maintain full pin-efficiency, i.e., the property of 
transmitting one bit perclock cycle on every wire. Therefore, 
some described methods of reducing the SSO use ternary 
signaling and transition-limiting coding. 
0074) TL3 is one such code that reduces the peak SSO to 

just 33% of single ended. 
0075. In accordance with at least one embodiment, the 
TL3 encoder receives three input bits (a,b,c) and maintains a 
prior state p-(p(0), p1), p2), pe{0,1,2} representing the 
output wire values in the previous output step. For each new 
input provided, the encoder updates state p with the algo 
rithm: 

If bc = 0 then, 
pb + 2c - T (pb +2c), a) 

else 
ifa = 0 then 
pO - T (p O)) 
p1) - T (p1) 

endif 
endif 

(0076) using the transition tables T and T below. The 
updated p is then emitted on the output wires. 

Table T 

O 1 
O 1 2 
1. 2 O 
2 O 1 

Table T. 

O 1. 
1 O 
2 1. 
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0077. The corresponding TL3 decoder separately main 
tains a prior state panda Successor state Sp-(pO. p1, p2), 
pe {0,1,2}, s (sIO), s1, s2), se0,1,2} representing the 
remembered previous and current detected input wire values, 
respectively. For each new input wire values detected, the 
decoder performs the algorithm: 

a := 1,b := 1,c := 1 
w = (s-p) mod 3 
m = weight(w) 
Determine position bo + 2co Such that wbo + 2coz 0, ts- wbo + 2co 
if m=1, then 

b := boc := coa = t - 1 
else 

if m=2, then 

endilf 
endif 

a, b, c are output as the received data values, and stored State 
S is updated to be equal to p 
0078 FIG. 3 shows a block diagram of an I/O interface 
between a transmitting chip and a receiving chip using a TL3 
code. As described earlier, the actual signal levels used to 
represent the three ternary coordinate values is independent 
of the TL3 coding/decoding, thus FIG. 3 illustrates both Full 
Swing and Reduced-Swing variants. 
0079. In the TL3 interface illustrated in FIG. 3, the 
embodiment of the history-storing element within the trans 
mitter is shown as comprising three of the six total flip-flops 
following the transition-limited encoder. Other embodiments 
may organize the required elements in a different order pro 
viding equivalent behavior. 
0080. The receiverfront end for the ternary codes used by 
TL3 require two comparators per wire and two reference 
levels, typically at the midpoints between the 0,1 and 1.2 
signal levels. The history-storing element within the receiver 
is shown as comprising a set of six history flip-flops operating 
in parallel with the main data flow from ternary receiver to 
line flip-flops to transition limited decoder. Other embodi 
ments may organize the elements in a different order provid 
ing equivalent behavior, for example, placing the decoder 
immediately after the ternary receivers. 
0081 Reduction of Overall Signal Swing 
0082 In accordance with at least one embodiment, the 
selected code may be combined with reduced signal Swings to 
provide additional SSO reduction over the reference full 
swing binary CMOS example. As one particular example, the 
described TL3 code may be combined with the previously 
described RS signal levels, to produce the TL3-RS signaling 
method. Other Such combinations of coding methods and 
signal Swing constraints described herein should be consid 
ered as implicitly included combinations of the described 
elements. 
0083. Reset of the Transition Code 
0084. Two additional related issues exist with the use of 
transition codes. The first issue is ensuring that the history 
values used at each end are coordinated when the bus is used 
sporadically. The second issue, discussed in the next section, 
is ensuring that transitions on the line are minimized when the 
bus is not in use. 

0085. The first issue is to ensure that the history values at 
each end of the bus are using the same value. Forbuses that are 
running continuously, this is not an issue because the history 
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values are set after a single clock. For buses Such as bidirec 
tional data buses, which are used sporadically by different 
transmit-receive pairs, and which produce data in narrow 
intervals, a reset function can also be used to coordinate the 
value of the history function. 
I0086. When a data bus is not in use, the history value in the 
FIR filter at each end is reset to a known value. When that data 
bus is used, the reset is released at the exact moment that the 
data becomes valid. 
I0087. In applications where an address bus is encoded 
with the TL3 code, at least two alternative embodiments may 
be used. The first embodiment includes circuitry to reset the 
history value when the address bus is not in use. The second 
embodiment is configured to allow the address bus to run for 
a single clock at startup. 
0088 Control of the Idle Values 
0089. The second issue with the use of transition codes is 
to carefully control the idle values on the bus. Since one 
possible reason to use a transition code is to minimize the 
transition on the bus, it may be desirable to eliminate or 
reduce transitions on the bus when the bus is not in use. Many 
buses sit idle most of the time, so the power dissipated in these 
situations is significant to the overall power consumption of 
the system. 
0090. With transition codes, only a single specific value of 
the bus leads to no transitions on the bus. This is not an issue 
with data buses since they are held in resetas described above. 
Three embodiments are now described for address and con 
trol buses. 
0091. The first embodiment for address and control buses 
is to organize the interface between the controller and the 
physical bus, so that during idle periods the address or control 
bus produces the particular value that is encoded as no tran 
sition. 
0092. The second embodiment is to hold the address and 
control in reset when not in use, similar what is done for the 
address bus. 
0093. The third embodiment adds a bus-holder circuit to 
the bus interface which has extra flip-flops at the transmit end 
to detect whether the bus has the same value as during the 
previous clock. The encoder then communicates that infor 
mation via an additional special code word to the far end. 
Both the TL3 and TL4 codes could encode such a 9th or 17th 
State. 

(0094 Systems Benefits of Fault Tolerance 
0.095 Consider an example system comprising multiple 
stacked integrated circuit devices interconnected using 
through-silicon via (TSV) technology. If this assembly con 
tains 1024 TSVs, and each TSV has a fault probability of 
1x10 (one failure per million connections), the probability 
that the combined assembly does not have full connectivity is 
(1x10)1024 or approximately 1.02x10, or 1 in 1000. 
0096 Assuming that the 1024 connections are used in 
groups of four, and a fault-tolerant code permits continued 
operation if one of the four connections is failed, the prob 
ability that the combined assembly does not have full con 
nectivity improves to approximately 1.5x10-9, or 1 in 650 
million. 
0097. Enhanced TL3 Fault-Tolerant Code 
0098. In accordance with at least one embodiment of the 
invention, a variation of the previously described modulus 
encoded code, herein called Fault-Tolerant TL3 or FTTL3, 
encodes three bits of data as ternary signals on groups of four 
wires. If any one of the signals is unavailable, as from a wire 
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fault, the code continues to deliver three bits of data using 
signals on the remaining wires. 
0099. One embodiment incorporates a signal continuity 

test mode used, for example, at time of system initialization. 
This mode exercises each wire or TSV in the interconnection 
to identify wires or TSVs that have failed, and reports those 
failures to the encoding/decoding systems so that those sig 
nals may be bypassed or ignored during normal operation. 
0100 FTTL3 Encoding 
0101 The task of the encoder is to calculate a codeword 
upon receiving 3 bits (a,b,c). The encoder maintains addi 
tional State corresponding to the prior values of the three 
wires. It also receives as inputs, indicating which wires are 
unbroken. 
0102 As an example, prior State p and sequences may be 
defined as 

p=(p/Opf1.pf2) pe{0,1,2} Eqn. 1 

s=(s/OST1) Eqn. 2 

where s provides indices of the unbroken wires. 
0103) An updated state p is obtained by the encoding algo 
rithm: 

If c = Othen, 
psO := T(psO, a) 
ps1:= (ps1, b) 

else 
ifab = 0 then 
psa := (psa, b) 

endif 
endif 

where T is performed using the lookup table previously 
described. The updated p is emitted on the output wires and 
retained for use in the next encoding cycle. 
0104 FTTL3 Decoding 
0105. An example decoder for the FTTL3 code uses two 
variables p and q corresponding to the previous and Succes 
sor (i.e. present) state of the received input wires. As with the 
encoder, sequence S is an input indicating which wires are 
unbroken. 

Input: 

0107 Prior state p and a successor state q represent the 
remembered previous and current detected input wire values, 
respectively. For each new input wire values detected, the 
decoder performs the algorithm: 

Output: 

0108 

a := 1,b := 1.c. := 1 
A= (qs O - psoqs 1—S1) mod 3 
m = weight(A) 
Determine a e {0,1} such that Aaz 0.set b: = Aa) 
if m=0, do nothing. 
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-continued 

else if m=1, output (a, b, 1) 
else if m=2, set d := Asa 
endif 

endif 
ifa=0 

output (b, d, O) 
else 

output (d, b, O) 
endif 

a, b, c are output as the received data values, and stored State 
q is updated to be equal top 
01.09 Enhanced TL4 Fault-Tolerant Code 
0110. In accordance with at least one embodiment, a fur 
ther variation of the previously described fault-tolerant 
modulus-encoded code, herein called FTTL4, encodes four 
bits of data as ternary signals on groups of four wires. If one 
of the signals is unavailable, as from a wire fault, the code 
continues to deliver four bits of data using signals on the 
remaining three wires. 
0111. As with the previous example, at least one embodi 
ment incorporates a signal continuity test mode used, for 
example, at time of system initialization. This mode exercises 
each wire or TSV in the interconnection to identify wires or 
TSVs that have failed, and reports those failures to the encod 
ing/decoding systems. Normal operation may occur if each 
four wire group has at least three fault-free wires. 
(O112 FTTL4 Encoding 
0113. The task of the encoder is to calculate a codeword 
upon receiving 4 bits (a,b,c,d). The encoder maintains addi 
tional state corresponding to the prior values of the four wires. 
It also receives as inputs, indicating which wires are unbro 
ken. 
0114. As an example, prior State p and sequences may be 
defined as 

p=(p/Opf1lpf2p (3) pe{0,1,2,3} Eqn. 6 

S=(SFOSF1SF2) Eqn. 7 

where s provides indices of the unbroken wires. 
0.115. An updated state p is obtained by the encoding algo 
rithm: 

else 
if cod = 0 then 
psc + 2d C-T (psc + 2d) 

endif 
endif 

where T and T are performed using the two lookup tables 
previously described. The updated p is then emitted on the 
output wires. 
0116 Decoding of the FTTL4 code follows the method 
described in the previous example. 
0117. Error Probability Reduction 
0118. If it is assumed that wire failures are independent, 
and occur with probability p, and that the interconnection 
between devices has M wires, the probability q that the inter 
connected devices fail due to the wire failures may be calcu 
lated as: 
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0119). If the FTTL3 code is used, 1 failure per 3 wire group 
may be tolerated, leading to: 

which is orders of magnitude Smaller than the unencoded 
case, for Small p. 
0120 Similarly, if the FTTL4 code is used, 1 failure per 4 
wire group may be tolerated, leading to: 

N 3 Ean. 10 g = 1 -(1-p)'+4p(1-p))* - N. p. for small p Eqn. 10 

which is orders of magnitude Smaller than the unencoded 
case, for Small p. 
0121 Power and SSO Behavior 
0122) A figure of merit (FOM) metric may be defined for 
driver power consumption and SSO noise generation per 
transmitted bit in the FTTL3 and FTTL4 codes, compared to 
non-fault-tolerant unterminated CMOS transmissions with 
the same peak-to-peak signal Swings. 
(0123 For power utilization, the metric is called P-FOM, 
and has been calculated to be approximately 0.41 for FTLL3 
and 0.375 for FTTL4. For simultaneous switched output 
noise, the metric is called S-FOM and is 0.66 for FTTL3 and 
O.5 for FTTL4. 
(0.124 Adaptive Wire Selection for Fault Tolerance 
(0.125. As illustrated in FIG. 5, fault tolerance may be 
added to a system using, as an example, standard TL3 coding 
with the addition of logicallowing code symbols to be steered 
to and from undamaged wire paths. Encoder 510 accepts 
Data(0-2) to produce a TL3 codeword of three ternary values. 
Multiplexers 520 steer these three signals onto three of the 
four communications wires 525, and multiplexers 530 steer 
the received signals to the three inputs of TL3 decoder 540. 
Thus, any one failed wire in 525 may be bypassed by appro 
priate setting of multiplexers 520 and 530. 
0126. As will be apparent to one familiar with the art, the 
example multiplexers are equivalent to, and thus may be 
replaced by digital logic between the encoder outputs and the 
output drivers and between the input line receivers and 
decoder inputs, or by an analog crossbar, Switch, or transmis 
Siongates between the output drivers, inputline receivers, and 
wires. 
0127. The examples presented herein illustrate the use of 
vector signaling codes for point-to-point or bussed chip-to 
chip interconnection. However, this should not been seen in 
any way as limiting the scope of the described invention. The 
methods disclosed in this application are equally applicable 
to other interconnection topologies and other communication 
media including optical, capacitive, inductive, and wireless 
communications. Thus, descriptive terms such as “voltage” 
or “signal level should be considered to include equivalents 
in other measurement systems, such as "optical intensity'. 
“RF modulation', etc. and "wire' should be considered as 
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representing any discrete and isolatable signal path or chan 
nel. As used herein, the term “signal' includes any suitable 
behavior and/or attribute of a physical phenomenon capable 
of conveying information. Such physical signals may be tan 
gible and non-transitory. 
We claim: 
1. A system for data communications overa multiple signal 

wire communications channel, the system comprising: 
a fault detector configured to identify at least one failed 

signal wire of the multiple signal wires; 
a transmitter configured in response to the detected fault to 

encode units of data using a vector signaling code and 
emit the encoded data as groups of signals carried by the 
communications channel; and, 

a receiver configured in response to the detected fault to 
decode the groups of signals carried by the communica 
tions channel to produce received units of data. 

2. The system of claim 1, wherein the fault detector oper 
ates at System initialization. 

3. The system of claim 2, wherein the data is communi 
cated in units of three bits on a communications channel of 
four signal wires including one failed signal wire. 

4. The system of claim 2, wherein the data is communi 
cated in units of four bits on a communications channel of 
four signal wires including one failed signal wire. 

5. The system of claim 1, further comprising a Voltage 
regulator setting the signal level of at least one signal of the 
group of signals. 

6. The system of claim 5, wherein the voltage regulator 
comprises at least one charge pump or current source con 
trolled by the encoded data. 

7. The system of claim 6, wherein the voltage regulator 
further comprises at least one charge pump or current Source 
controlled by measurement of the regulated Voltage output. 

8. A circuit for data communications over a multiple signal 
wire communications channel, the circuit comprising: 

a fault detector configured to identify one or more failed 
signal wires of the multiple signal wires; 

a transmitter configured in response to the detected fault to 
direct vector signaling code encoded data to selected 
wires of the multiple signal wires of the communications 
channel; and, 

a receiver configured in response to the detected fault to 
detect vector signal code encoded data from selected 
wires of the communications channel and decode 
receive data. 

9. The circuit of claim8, wherein the data is communicated 
in units of three bits on a communications channel of four 
signal wires including no more than one failed wire. 

10. The circuit of claim 8, wherein the data is communi 
cated in units of four bits on a communications channel of 
four signal wires including no more than one failed wire. 

11. The circuit of claim 8, wherein the fault detector iden 
tifies failed signal wires in an initialization operation. 
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